The dimensional stability and mechanical properties of radiata pine (Pinus radiata) has been investigated after thermo-mechanically compression (TMC) followed by oil heat-treatment (OHT). Wood specimens were first compressed in the radial direction then heat-treated in a linseed oil bath at 160-210°C. Spring-back percentage, water repellence efficiencies, and compression set recovery percentage were determined as indicators of dimensional stability. The resistance of treated wood against a brown rot fungi was assessed based on an accelerated laboratory fungal decay test. Strength, stiffness and hardness were determined as a function of different treatment parameters. After TMC, high compression set (39%) was achieved without any surface checks and cracks. Specimens undergoing TMC followed by OHT showed relatively less swelling and low compression set recovery under high moisture conditions. The fungal resistance of wood after TMC+OHT slightly increased compared to untreated wood and TMC wood. The mechanical properties of TMC+OHT wood were inferior to those of TMC wood.
Introduction
Environmental and health concerns in terms of wood impregnation with certain chemicals gave a considerable impetus in the course of the last two decades to the development of alternative wood modification technologies. Heat treatment of wood is one of them. Temperatures higher than 160°C improve not only the dimensional stability (Stamm et al. 1946; Stamm 1964; Dubey et al. 2010; Srinivas and Pandey 2012; Jiang et al. 2014; Kocaefe et al. 2015) but also the decay resistance (Welzbacher and Rapp 2002; Mohareb et al. 2011; Chaouch et al. 2013; Ringman et al. 2014) . Prolonged heat treatment at and above 230°C improves biological decay resistance further, but the strength and hardness of wood is deteriorated to an unacceptable extent (Stamm 1956; Bekhta and Niemz 2003; Kocaefe et al. 2008; Bal and Bektas 2013; Candelier et al. 2015) . At temperatures above 200°C, hemicelluloses release acids, and the free radical content of wood is elevated (Tjeerdsma et al. 1998; Wikberg and Maunu 2004; Windeisen et al. 2007; Gao et al. 2014) . Especially, the subsequent acid hydrolysis of polysaccharides decreases the mechanical properties (Bengtsson et al. 2002; Yildiz et al. 2005; Hughes et al. 2015) . These negative effects must be minimized for applicable heat-treatment processes (Hill 2006 ).
An inert gaseous environment helps keeping the negative effects in a tolerable range. Stamm et al. (1946) suggested to apply a liquid medium for thermal modification as wood was heated between 160 and 320°C in a bath of molten metal. The resulting dimensionally stabilized wood was termed "Staybwood". Wood was also heated in oils (OHT wood) with oil as a medium of heat transfer and of help avoid oxygen penetration into wood (Sailer et al. 2000; Wang and Cooper 2005; Dubey et al. 2013) . Vegetable oils with high boiling points, such as linseed oil, are well suited to this purpose. Oil penetrated into the upper wood layers may also polymerise within the cell cavities and exerts a blocking effect against moisture, oxygen, and microorganisms of wood in service (Wang and Cooper 2005; Dubey et al. 2011; Jebrane et al. 2015) . Additionally, vegetable oils are considered as CO 2 neutral and environmentally friendly materials, which are inherently biodegradable and of low eco-toxicity (Gunstone 2002) .
Thermo-mechanical compression (TMC) elevates wood density and this effect is expected to improve the wood's mechanical properties as density is positively correlated with mechanical properties (Bowyer et al. 2003) . High-temperature densification of wood is studied since a long time (Seborg and Stamm 1941; Seborget al. 1945 ). However, densified wood shrinks and swells more owing to the increased ratio of cell wall mass to lumen volume as a function of moisture content (MC) (Spear and Walker 2006) . At high MC, compressed wood tends to regain its original (uncompressed) dimension, and this effect is known as compression set recovery (CSR) or shape memory (Kamke 2006) . During TMC, both elastic and plastic deformation take place. A gradual decrease in press temperature during the cooling phase may lead to the return of the glassy state in the amorphous region and thus deformation in the wood becomes elastic due to the "frozen densification" (Inoue et al. 1993a; Dwianto et al. 1998a ). However, this "frozen densification" state is only temporary as on exposure to high humidity or immersion in water, most of this elastic deformation tends to recover resulting in CSR. Thus, on exposing TMC wood to high humidity conditions, both reversible and irreversible swelling takes place due to the hygroscopic nature of wood and CSR, respectively (Hsu et al. 1988; Laborie 2006) . The CSR can be minimized through steam treatment before or during CSR (Kawai et al. 1992; Inoue et al. 1993a; Navi and Girardet 2000; Higashihara et al. 2001; Navi and Heger 2004; Inoue et al. 2008; Satoshi et al. 2008; Fang et al. 2011; Navi and Pizzi 2015) . Resin impregnation can also be a remedy (Inoue et al. 1993b; Yano 2001; Shams et al. 2004; Shams et al. 2006; Chris and Frederick 2008) . The knowledge on the essential parameters of CSR is still limited (Dwianto et al. 1997; Welzbacher et al. 2005; Sun et al. 2013) .
The objective of the present study was to evaluate oil heat treatment (OHT) of thermally compressed radiata pine wood by (1) examining the spring-back and CSR after TMC and OHT, (2) observing the fungal resistance of the treated wood, and (3) assessing changes in mechanical properties of OHT wood due to densification.
Materials and methods
Specimen preparation: Wood specimens [200 × 90 × 35 mm 3 (long/ wide/thick)] were prepared from 3 to 4 m long boards of radiata pine (Pinus radiata D. Don). All boards were of the same commercial grade, dry sapwood (10-12% MC) and flat sawn. Before tests, specimens were conditioned at 65% RH and 20°C for 2-3 weeks until the changes in the specimens' weights were < 0.1%. The MC of the specimens under these conditions was 14-16%. These thicknesses of specimens were recorded nearest to +0.01 mm at three marked places.
Thermo-mechanical compression (TMC):
The specimens were compressed in radial direction in a Gibitre laboratory press (Bergamo, Italy) to the desired thickness under 30-32 bar at 180°C for 20 min. The targeted compression was achieved by metal spacers on both sides of the specimens between the press platens. After compression, specimens were cooled to 35°C with a cooling rate of 15°C min -1 in the press under pressure. The thicknesses were recorded immediately after removing the samples from the press. Then, the specimens were kept in a conditioning chamber at 65% RH and 20°C until they attained equilibrium. Then, their thicknesses were re-measured.
Oil heat-treatment (OHT): After conditioning, the TMC specimens were heated in an oil bath at 160, 180, or 210°C for 3 h (TMC+OHT specimens). The raw linseed oil used in this study was obtained from a local supplier M/S Mainland Paint and Printing Ink Ltd, Christchurch, New Zealand and used as received. For details of OHT see Dubey et al. (2012) . For comparative studies, some end-matched specimens without TMC were also submitted to OHT. TMC+OHT and OHT specimens were then conditioned at 65% RH and 20°C until equilibrium and their thicknesses were again measured.
Percentages of compression set (CS)
, spring-back, and SRC: CS is defined as percentage of dimensional change of a compressed specimen conditioned as indicated compared to its original dimension, see Eq. 1 (Navi and Girardet 2000) . CS (%) was also estimated for latewood (LW) and early wood (EW) by image analysis by the software Image J1.0G.
in which T 1 and T 3 are the original thickness (mm) before and after pressing, respectively (both data measured after conditioning). The spring-back (SB) behavior is measured as dimension change in the compressed dimension (Garcia-Romeu et al. 2007) .
where T 2 is the thickness immediately after removal from the press (mm). The CSR was measured after immersion of the specimens in water and/or exposition to 85% RH at 20°C). The exposition time was two and 672 h. The Eq. (3) is according to Navi and Girardet (2000) .
where, T 4 is the thickness of specimens after exposure in water or high humidity (mm).
Swelling percentage (Sw %) and water/moisture repellence efficiency (WRE/MRE): Two sets of specimens, one of which was immersed in a circulating water bath and another exposed to 85% RH in a sealed desiccator with saturated salt solution of KBr at 20±2°C, for varying periods of time (up to 4 weeks). The samples were weighed and their dimensions were measured in L, T, and R directions at different times during the test. 
where WU c is the percentage of water/moisture uptake by the untreated specimens (%) and WU t is the percentage of water/moisture uptake by the treated specimens (%).
Fungal resistance: Fungal resistance was evaluated in the Wood Mycology Laboratory of Scion, Rotorua, New Zealand, based on the agar block decay test following the standard Sutter jar method ( Sutter 1978) , which is similar to that of European Standard EN-113 and British Standard BS 6009:1982 (Callahan and Chittenden 2009 ). However, it differs in exposure time to the decay organism, and in the present study, plastic Petri dish containers were used instead of glass Kolle flasks (Stahlhut et al. 2008) . Eight replicates of treated and untreated specimens, 35 × 20 × 7 mm 3 (T × R × L), were tested. The specimens were first leached for 2 weeks and air-dried for 10 days followed by oven-drying at 102±2 for 18 h. The specimens were cooled down in silica gel desiccators and weighed; then they were sterilized by ethylene oxide gas, and finally placed into prepared Sutter agar containers. Incubation was at 26.8°C and 75% RH for 6 weeks. Oilgoporus placenta, a common brown rot fungus, was collected in leaky buildings in New Zealand (Stahlhut et al. 2008) . After incubation, specimens were cleaned, oven-dried, weighed and weight losses (%WL) of the specimens were calculated.
Density and mechanical properties: Densities were determined on the oven-dry (105±2°C) basis, while the dimensions and weights of test specimens were measured to an accuracy of ±0.03 mm and ±0.001 g, respectively.
Three-point bending test were performed to determine modulus of rupture (MOR) and modulus of elasticity (MOE) according to British Standard BS 373 (BS373 1957) . The hardness was determined by the Janka indentation test (the hemispherical end of a steel bar is pressed to a depth of half of its diameter into the sample, i.e. 5.64 mm, BS373 1957). Sixteen replicates of specimens with cross-section dimensions of 20 × 20 mm 2 were tested, which had been conditioned at 65% RH at 20°C for 2 weeks before the test. Testing conditions: 20±2°C and 65% RH, standard Material Testing System (810 MTS machine).
Statistical analysis: All data represented as mean of n replications. The statistical significance of difference between different groups was determined by single factor ANOVA followed by Tukey's multiple comparison test performed with GraphPad Prism 5 software ( GraphPad Software, Inc. La Jolla, USA).
Results and discussion

Compression set and spring-back
The mean compression set in 24 specimens was measured to be 39.4%, while no visible checking or cracking was observed in the specimens. The differences in radial compression between earlywood (EW) and latewood (LW) was observed by image analysis, which revealed that the mean EW data (57%) is much greater than that for the LW (21%). These findings are in agreement with the observations of Tabarsa and Chui (1997) made on spruce wood densification between 100 and 200°C. In view of the large lumens and thin cell walls in EW tracheids, this data are self-explanatory (Bowyer et al. 2003) .
The spring-back (SB) results (Table 1a ), show that the average SB of TMCs is 6.2%. The TMC+OHT 160°C resulted similar data to that of TMC wood (SB 4.6%) while the The given values are average of "n" replications. Mean values followed by a different letter within a row are statistically different at P = 0.05 (ANOVA single factor). StD in parentheses.
TMC-OHT 210°C led to negligible SB of 1.7%. Accordingly, radiata pine wood can be successfully compressed to about 39% of its original thickness without any surface checking or cracks and the combination of TMC and OHT is favorable at higher OHT temperatures. For the interpretation of the result, it is appropriate to recall that the glass transition temperature (T g ) of the cell wall as a composite is different to those of its isolated components. The T g of isolated and dry cellulose is 200-300°C, while the T g s of hemicelluloses and lignins are between 165 and 175°. The oven dry wood begins to soften at 180°C and reaches the maximum softening at 380°C (Chow 1971; Shiraishi 2001) . The maximal T g decreases with increasing MC, which is around 160°C at 13-14% MC (Chow 1971 ) and 60-90°C for wood at the fiber saturation point (Nakajima et al. 2008) . During TMC treatment of wood at 180°C, amorphous regions of the cell wall are softened and their physical state changes from glassy to rubbery state, which makes wood compressible. However, the embedded cellulose microfibrils (CMFs) remain in the glassy state and are less affected. However, the CMFs can be displaced and the whole cell wall matrix is deformed after the treatment (Inoue et al. 1993a; Dwianto et al. 1998b ).
The fast heating to 180°C in the present work causes rapid moisture loss on the surfaces and contributes to the decrease of compressive elastic modulus owing to thermomechano-sorption effect (Kamke 2006) . In addition, the rapid cooling down (15°C min -1 ) the specimens from 180 to 35°C reduces the SB effect. This observation is on line with that of Kamke (2006) and Seborg et al. (1945) , who reported that SB in densified wood could be minimized by cooling down the TMC wood under full pressure to 100°C or to a lower temperature. Under these conditions, the amorphous region of the cell wall can return from the glassy state.
OHT of TMC wood leads to further degradation ( Gonzalez-Pena et al. 2009; Brosse et al. 2010; Dubey et al. 2012) , mainly of the hemicelluloses, which can relieve more easily the residual stresses build-up during the compression (Hsu et al. 1988; Dwianto et al. 1997; Brosse et al. 2010) . As hemicelluloses degradation is higher at 210°C, the better SB effect at this OHT temperatures is not surprising.
Water absorption, swelling percentage and compression set recovery
The water absorption data of TMC+OHT specimens after 4 weeks of water immersion (Table 1b) water repellence efficiencies (WRE) of TMC+OHT wood at 160, 180, and 210°C are 32, 39, and 47%, respectively. In Figure 1a , the moisture repelling efficiency (MRE) is also included for the humidity tests for the treated specimens and the corresponding values were 11, 13, and 30%, respectively, for OHT temperatures of 160, 180, and 210°C. Figure 1b shows the results of swelling data of wood specimens after water immersion. The Sw (%) of the W untr are 4.9, 4.0, and 1.6% in T, R, and L directions, respectively.
However, for the TMC wood, the radial Sw (%) (49.4%) is much greater than that of the W untr . In addition to the natural swelling, compression set recovery (CSR) is the main contributor for the excessive swelling observed here. The swelling of TMC+OHT wood decreased as a function of the OHT temperature. For the temperatures 160 and 180°C, the Sw (%) in T and R directions are still higher than that for untreated specimens but lower than that for TMC wood. The specimens with OHT 210°C gave the best results with only 3.5, 3.7, and 0.3% swelling in T, R, and L directions, respectively, and these data are better than that of the W untr .
Results of CSR data are presented in Table 1b and c. Even after only 2 h water immersion, large CSR of 46% was observed in the TMC wood, which further increased to 66% after 4 weeks of water immersion. The CSR was reduced significantly for the TMC+OHT specimens and the beneficial effect of the OHT temperature is obvious. After 4 weeks in water immersion, the CSR data are 37, 26, and 6%, after OHT temperatures of 160, 180, and 210°C, respectively. In high humidity tests, the corresponding values are 19, 16, and 3%. However, the CSR after 2 h exposure to high humidity (85% RH) was < 1% for all the treatments. The OHT 210°C fixes the deformation in densified wood as already observed by Dwianto et al. (1997) . The quoted authors post heat-treated (in air, vacuum or molten metal) densified wood at 200°C for 3 h and the CSR was < 5%. The reduction in swelling and compression set recovery of the TMC+OHT wood may also be attributed to increased water repellence, which reduces wood hygroscopicity and releases residual stresses in the microfibrils and matrix.
Fungal resistance
The weight loss (WL) of the W untr was 28%, which was reduced to about 17.8, 24.4, and 18.3%, respectively, for OHT 210°C/3 h wood, TMC wood, and TMC+OHT 210°C/3 h wood (Table 1d ). Compared to W untr , fungal resistance was improved by only 36 and 34% with OHT and TMC+OHT, respectively. The improvement in fungal resistance was much lower than reported in the literature (Kamdem et al. 2002; Skyba and Schwarze 2005; Hill 2006; Esteves and Pereira 2009) . However, in the quoted studies higher fungal resistance was only reported for higher treatment temperatures ( > 220°C) and longer treatment periods ( > 4 h). Syrjänen and Kangas (2000) observed that increasing the rot resistance of Finnish pine, spruce, and birch to the level of highly rot-resistant species requires heat treatment for 3-4 h at 220°C or above. Kim et al. (1998) found improvement in decay resistance with increased temperature and heating period and stated that 150°C for about 150 h would lead to decay resistance comparable to that of a CCA treatment at 1% retention.
Oven-dry density and mechanical properties
As expected, the oven-dry density of wood increased significantly after the TMC treatment with its mean value being 0.92 g cm -3 , which was about 80% higher than that of untreated specimens (Table 1e ). The oven-dry density for the TMC+OHT 160-180°C specimens was further increased up to 0.97 g cm . This density increment may be due to net oil uptake during the OHT. However, for OHT 210°C , the density decreased slightly to 0.91 g cm -3 , indicating a net ML at this temperature.
The results of mean strength and stiffness for the three-point bending tests of untreated and treated wood specimens are presented in Table 1f . The modulus of rupture (MOR) and modulus of elasticity (MOE) of the untreated radiata pine are 76 MPa and 6.7 GPa, respectively. The corresponding values for the OHT wood are, respectively, 67 MPa (12% loss) and 6.5 GPa (3% loss). The corresponding data TMC wood were 139 MPa (83% increment) and 9.6 GPa (43% increment). In cases of TMC+OHT, the MOR was 110 MPa (20% lower than that of TMC wood), but this value is still 45% higher than that of the W untr . The MOE data are very similar after TMC and TMC+OHT modifications.
The tangential (T) hardness of OHT wood was 1.9 kN, which is 6.5% lower than that of W untr (2.0 kN), see Table  1g . The TMC wood show a T hardness of 5.5 kN (169% increment over W untr ). The authors Clevan and Meng (2007) and Navi and Girardet (2000) made similar observations. TMC+OHT yielded 3.5 kN T hardness, which is less than that of TMC wood, but 73% higher than that of the W untr . As a general trend, the T hardness is greater than the radial (R) hardness. The T and R hardness differences are greater in TMC wood and these differences are lower after the following OHT.
Clearly, the mechanical properties of wood decreased with OHT, but strongly increased with TMC (Figure 1c ). In the case of TMC+OHT, the wood strength and hardness are lower than the corresponding data of TMC wood but were still significantly higher than in case of W untr . The improvement in the wood mechanical properties with the TMC or TMC+OHT is mainly due to the increase in wood density. A strong relationship between mechanical properties and wood density have been reported in the literature (Tabarsa and Chui 1997; Dinwoodie 2000; Wang et al. 2014) . Bowyer et al. (2003) observed also more increment in hardness than in MOR and MOE. The relationship of surface hardness with density is an exponential function and this explains these findings.
Thus, oil heat-treated radiata pine wood can be suitable for those uses, in which dimensional stability and durability are of prime importance and strength is not a decisive factor such as cladding, decking, garden furniture, gates, fences, doors, and window components. Where strength, stability and durability are all important, the wood can be treated by a combination of thermocompression followed by oil heat-treatment. However, the reduction of saleable wood volume as a result of compression is a major drawback to the wood densification process. The trade-off between properties and volume should be assessed at lower compression levels to determine the optimal conditions. Further, a study of wood properties alone is not enough to advocate oil heat-treatment in commercial practice. Commercialization of "combined operation" involving both thermo-mechanical compression and oil heat-treatment can be explored. Study of product specific integrated operation and optimization of the treatment parameters, e.g. pre-compression (compression percentage, temperature), oil heat-treatment (treatment temperature and time), cooling (time) and the oil applied would be beneficial for the commercial adoptability of this technology.
Conclusions
This study has demonstrate that the radiata pine wood treated with a combination of TMC (180°C for 20 min at 30-32 bar) followed by OHT (160-210°C for 3 h) leads to lower spring-back and compression set recovery (CSR) percentages even at about 39% compression which, in turn, shows improved mechanical properties. TMC+OHT 210°C was found to yield the lowest spring back, CSR in both water adsorption tests and improved fungal resistance. The combination of TMC with OHT complements each other in terms of countering the adverse impact of individual treatments as the oil heat-treatment controls the spring back and CSR and the loss of mechanical properties. Therefore, controlled densification of wood followed by heat-treatment can improve the stability, mechanical properties, and durability of wood.
